Introduction {#sec1}
============

Deficiencies in macronutrients and micronutrients in low- and middle-income countries (LMICs) often occur because of poor diet, dietary taboos, or illness ([@bib1], [@bib2]). Micronutrient deficiencies can result in adverse pregnancy outcomes including fetal loss and intrauterine growth restriction (IUGR), indicated by being born small for gestational age (SGA), and greater risk of mortality ([@bib3]). Supplementation with multiple micronutrients during pregnancy may reduce these risks ([@bib4]--[@bib6]). The Supplementation of Multiple Micronutrients Intervention Trial (SUMMIT) was a double-blind cluster-randomized trial of maternal supplementation with either multiple micronutrients (MMN) or iron and folic acid (IFA) conducted in Lombok, Indonesia from 2001 to 2004. The SUMMIT study showed the MMN group experienced a 10% reduced risk of fetal loss, an 18% reduced risk of early infant mortality, and a 14% reduction in low birth weight (LBW) and SGA, as compared with the IFA group ([@bib4], [@bib7]). Effects were stronger in women who were anemic at enrollment, with reductions of 29% for fetal loss and neonatal mortality, 38% for early infant mortality, and 25% for LBW. Short- and long-term effects on child cognition were also reported ([@bib8]). A recent individual patient data meta-analysis of 112,953 pregnant women in 17 studies concluded that maternal MMN supplementation, compared with IFA, reduced stillbirth, LBW, preterm birth, SGA, and 6-mo mortality ([@bib6]). Again, all effects were stronger in women who were anemic at enrollment. However, the biological mechanisms leading to these favorable outcomes remain unknown ([@bib9]), and such knowledge may help improve supplement formulation or dosing regimens. Moreover, although the WHO 2016 guidelines for antenatal care suggest countries can decide to transition from IFA to MMN, a global recommendation is still pending and would be motivated by evidence of a pleiotropic biological mechanism for the effects of MMN supplementation ([@bib10]).

In this study, we hypothesized that the modulation of mitochondrial factors by MMN components could optimize maternal mitochondrial function and thereby improve multiple fetal outcomes. The main mitochondrial function is to produce ATP via coupling with oxidative phosphorylation (OXPHOS) ([@bib11]). Mitochondria have been reported to modulate the major stress--response pathways ([@bib12]), and alterations in leukocyte mitochondrial DNA copy number (mtDNA-CN) in adulthood have been associated with early-life exposure to stress and psychopathology ([@bib13]). Maternal mitochondrial ATP is essential for fetal growth and development ([@bib14]), and an appropriate mtDNA-CN sensitive to energy demand and oxidative stress ([@bib15], [@bib16]) is needed to optimize mitochondrial function. MtDNA-CN has been reported to correlate inversely with pregnancy outcomes. Higher mtDNA-CN was found in IUGR pregnancy ([@bib17], [@bib18]), and we recently reported that higher maternal mtDNA-CN in peripheral blood was associated with reduced birth weight ([@bib19]). MMN deficiencies observed in an ageing population showed a reduction of mitochondrial efficiency ([@bib20]), leading to compensatory increases in mtDNA-CN. As pregnancy progresses, increased mtDNA-CN in cord blood has been observed ([@bib21]), and high placental mtDNA-CN was reported in pregnant women with high oxidative stress ([@bib22]). MMN supplementation during pregnancy could promote efficient mitochondrial function and protect against oxidative stress, both of which would reduce increases in mtDNA-CN.

Methods {#sec2}
=======

Sample selection and study design {#sec2-1}
---------------------------------

We used archived venous blood specimens from pregnant women enrolled in SUMMIT, collected in 2001--2004 (ISRCTN34151616; approved by the National Institute of Health Research and Development of the Ministry of Health of Indonesia, the Provincial Planning Department of Nusa Tenggara Barat Province, and the Johns Hopkins Joint Committee on Clinical Investigation, Baltimore, MD; the current study was approved by the Eijkman Institute Research Ethics Commission). SUMMIT was a cluster-randomized double-blind controlled trial in which midwives were randomly assigned to distribute MMN or IFA to pregnant women when they sought prenatal care. Because SUMMIT was integrated with the government health system, pregnant women were enrolled at any gestational age, as assessed by reported last menstrual period or exam, at which time blood specimens were collected (baseline) ([@bib4]). Participants were provided a daily supplement during pregnancy and until 3 mo postpartum. The SUMMIT study enrolled 31,290 pregnant women in the primary birth cohort, and 28,426 children were born alive. In a random subsample of 2369 participants, blood samples were drawn at 2 time points: *1*) before supplementation for all participants in the subsample (baseline), and *2*) at 1 of 4 postsupplementation time points: 1 mo after enrollment, 36 weeks of gestation, 1 wk postpartum, or 12 wk postpartum ([@bib23]).

The plasma was separated from the blood cells, then the resulting packed cell pellets were washed 3 times with PBS and transferred to cryovials for archived storage at either −80 °C or −40 °C. We first purposively and blindly selected 160 sets of paired baseline and postsupplementation samples from the SUMMIT archives. We used all specimens which had postsupplementation time points of either 1 mo after initiation of supplementation or at ∼36 weeks of gestation, with no preference applied, excluding the 1 wk and 12 wk postpartum time points. Selected specimens would have had an equal chance of being eligible for the 1 mo postsupplementation or the 36 weeks of gestation time point. Therefore, the women would have enrolled earlier than 35 weeks of gestation, considering the average gestation period is 40 weeks. This selection resulted in 108 eligible paired baseline and postsupplementation prepartum samples ranging from 4 to 34 weeks of gestation at enrollment. The 52 postpartum sets were excluded. These 108 women were from 72 of the 262 clusters randomized for SUMMIT and the number of women per cluster ranged from 1 to 6, including 54 women from 39 clusters given MMN and 54 women from 33 clusters given IFA. Supplementation duration ranged from 20 to 197 d. We further categorized subjects as below (\<33) or above (≥33) the median days of supplementation between baseline and postsupplementation blood draws, and below (\<14.1) or above (≥14.1) the median baseline mtDNA-CN ([**Figure 1**](#fig1){ref-type="fig"}).

![Flowchart for mtDNA-CN assessment of 108 pregnant women enrolled in the SUMMIT study. The SUMMIT study enrolled 31,290 pregnant women in the primary birth cohort and 28,426 children were born alive. Blood samples were drawn before (baseline) and postsupplementation in a random subsample of 2369 participants. The postsupplementation blood collection was at 1 of 4 points: 1 mo after enrollment, 36 weeks of gestation, 1 wk postpartum, or 12 wk postpartum. We purposively and blindly elected 160 sets of paired baseline and postsupplementation samples. Of these samples, we selected those in which the postsupplementation blood draw was performed either 1 mo after initiation of supplementation or at ∼36 weeks of gestation (*n *= 108), and postpartum sets were excluded (*n *= 52). These 108 women were given MMN (*n *= 54) or IFA (*n* = 54) supplementation. Further, these samples were categorized as below (\<33) or above (≥33) the median days of supplementation, and below (\<14.1) or above (≥14.1) the median of baseline mtDNA-CN. \*Low baseline \< 14.1, and high baseline ≥ 14.1. ^\#^Short duration of supplementation \<33 d, and long ≥33 d. IFA, iron and folic acid; MMN, multiple micronutrient; mtDNA-CN, mitochondrial DNA copy number; SUMMIT, Supplementation with Multiple Micronutrients Intervention Trial.](nxz064fig1){#fig1}

MtDNA-CN determination {#sec2-2}
----------------------

DNA extraction was performed on packed cell samples using the Geneius Micro gDNA Extraction Kit (Geneaid). Determination of mtDNA-CN was done by real-time qPCR assay with SYBR Select MasterMix (Applied Biosystems), using primers for mitochondrial tRNA^leu^ and nuclear β-2 microglobulin genes, based on the protocol from Venegas et al. ([@bib24]), using the 7500 Real-Time PCR System (Applied Biosystems), as previously described ([@bib19]). Primers, PCR mixture, and qPCR conditions for the mtDNA transfer RNA leucine gene (GenBank: [KM102154.1](KM102154.1)) and the single-copy nDNA β-2 microglobulin gene (GenBank: [NM_004048.2](NM_004048.2)) amplifications are described in **Supplemental Table 1**. Raw fluorescence data were analyzed using the qPCR package in R version 3.4.0 ([www.r-project.org](http://www.r-project.org)) ([@bib25]). The relative ratio of mtDNA-CN to nDNA was calculated according to the efficiency-corrected method by Pfaffl ([@bib26]). The overall percentage change of mtDNA-CN (Δ) during pregnancy was calculated by subtracting mtDNA-CN at baseline from the mtDNA-CN postsupplementation and dividing by the mtDNA-CN at baseline, based on the following equation: $$\documentclass[12pt]{minimal}
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\begin{eqnarray*}
\frac{{{\rm{mtDNA}}\!-\!{\rm{CN\ at\ postsupplementation\ }} - \ {\rm{mtDNA}}\!-\!{\rm{CN\ at\ baseline}}}}{{{\rm{mtDNA}}\!-\!{\rm{CN\ at\ baseline}}}} \times 100
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Statistical analysis {#sec2-3}
--------------------

Statistical tests were performed using R version 3.4.0 with RStudio version 1.0.143 ([www.rstudio.com](http://www.rstudio.com)), and SAS version 9.4. The normality of the continuous variables was tested with the Shapiro--Wilk test. Given the low number of women per cluster, we did not adjust for cluster group, and analysis of the null model revealed no association of cluster with mtDNA-CN. Continuous variables with nonnormally distributed data were analyzed using nonparametric tests and are presented with the median and IQR (Q1--Q3). To compare the mtDNA-CN at baseline and postsupplementation, Wilcoxon Signed Rank tests were used. The multivariate regression analysis of the association between supplementation type and the change in mtDNA-CN from baseline to postsupplementation was performed using rank-based estimation for linear models, adjusted for mtDNA-CN at baseline, supplementation duration, and maternal anemia (hemoglobin \<11 g/dL). The interpretation of results was similar to those from linear regression models ([@bib27]). *P \< *0.05 was considered statistically significant, and to test for interactions with duration or copy number at baseline a cutoff of *P *\< 0.15 was used. Pearson\'s chi-square test was used to compare the Δ percentages of MMN and IFA groups. All tests were performed using either stats, ggplot2, or Rfit packages in R, or SAS PROC NPAR1WAY, PHREG, GENMOD, or GLIMMIX.

Results {#sec3}
=======

Baseline characteristics of the participants {#sec3-1}
--------------------------------------------

Overall, women in the MMN (*n =* 54) and the IFA (*n *= 54) groups did not differ at baseline ([**Table 1**](#tbl1){ref-type="table"}).

###### 

Characteristics of the 108 pregnant women enrolled in the Supplementation with Multiple Micronutrients Intervention Trial study by supplement group[^1^](#tb1fn1){ref-type="table-fn"}

  Characteristics                     MMN (*n* = 54)           IFA (*n* = 54)
  ----------------------------------- ------------------------ ------------------------
  Age of women at enrollment, y       25 \[22--27\]            25 \[21--30\]
  Gestational age at enrollment, wk   16.8 \[12--22\]          16 \[12--23\]
  Trimester at enrollment                                      
   First                              21 (39)                  21 (39)
   Second                             30 (56)                  25 (46)
   Third                              3 (6)                    8 (15)
  Midupper arm circumference, mm      250 \[232--269\]         245 \[235--260\]
   ≥235                               40 (74)                  41 (76)
   \<235                              14 (26)                  13 (24)
  Hemoglobin at enrollment, g/dL      10.8 \[9--12\]           11.2 \[11--12\]
   ≥11                                25 (46)                  31 (57)
   \<11                               29 (54)                  23 (43)
  Maternal height, cm                 149.1 \[147--153\]       149.8 \[148--153\]
   ≥145                               49 (91)                  51 (94)
   \<145                              5 (9)                    3 (6)
  Gestational age at birth, wk        39.7 \[37--41\]          39.8 \[38--41\]
   ≥37                                41 (76)                  45 (83)
   \<37                               13 (24)                  9 (17)
  Birth weight, g                     3,400 \[3,000--3,500\]   3,050 \[3,000--3,500\]
   AGA                                46 (85)                  42 (78)
   SGA                                8 (15)                   12 (22)
  Parity                                                       
   1                                  18 (33)                  17 (32)
   \>1                                36 (67)                  37 (68)
  Infants' gender                                              
   Male                               31 (57)                  27 (50)
   Female                             23 (43)                  27 (50)
  Women\'s education, y               6 \[6--9\]               6 \[6--9\]
  Men\'s education, y                 6 \[6--11\]              6 \[6--9\]
  Duration of supplementation, d      32 \[31--82\]            36 \[31--119\]

Continuous data are shown as median \[IQR\]; categorical variables are shown as *n* (%). AGA, appropriate for gestational age; IFA, iron and folic acid; MMN, multiple micronutrient; SGA, small for gestational age.

MtDNA-CN at baseline and postsupplementation {#sec3-2}
--------------------------------------------

The mtDNA-CN in the combined supplementation groups was elevated at postsupplementation \[median (IQR) = 18.0 (14.4--23.0)\], compared with baseline \[14.1 (11.1--17.7)\] (*P *\< 0.001) ([**Figure 2**](#fig2){ref-type="fig"}).

![Paired plot between baseline and postsupplementation mtDNA-CN of 108 pregnant women enrolled in the Supplementation with Multiple Micronutrients Intervention Trial study. MtDNA-CN significantly increased in the postsupplementation sample (*P*  \< 0.001). MtDNA-CN data are shown as median (IQR). Comparison between baseline and postsupplementation was performed using Wilcoxon\'s Signed Rank test. Shown below the bars are medians (IQRs). \*\*\*Statistically significant difference between mtDNA-CN at baseline and postsupplementation, *P \< *0.001. IFA, iron and folic acid; MMN, multiple micronutrient; mtDNA-CN, mitochondrial DNA copy number.](nxz064fig2){#fig2}

MMN supplementation stabilized mtDNA-CN during pregnancy {#sec3-3}
--------------------------------------------------------

In women given MMN supplementation, the postsupplementation mtDNA-CN was lower by 4.63 units than in the IFA group (*P* = 0.003). This effect was greater in women whose baseline mtDNA-CN was above the median (β = −7.49, *P* = 0.007), although the low baseline mtDNA-CN group showed a similar trend (β = −3.09, *P* = 0.09). However, the interaction between MMN and baseline mtDNA-CN was nonsignificant (*P*-interaction = 0.16) ([**Table 2**](#tbl2){ref-type="table"}).

###### 

Multivariate regression results of mtDNA-CN at baseline, MMN, duration of supplementation, and maternal anemia for predicting postsupplementation mtDNA-CN in total samples, low baseline, high baseline, supplementation duration \<33 d, and supplementation duration ≥33 d groups[^1^](#tb2fn1){ref-type="table-fn"}

                                                            MtDNA-CN at postsupplementation                                                                    
  --------------------------------------------------------- --------------------------------- ------- ------- ------ ------- ------- ------- --------- ------- -------
  Baseline mtDNA-CN                                         0.26                              0.017   −0.27   0.48   0.35    0.06    0.88    \<0.001   0.03    0.75
  MMN                                                       −4.63                             0.003   −3.09   0.09   −7.49   0.007   −7.39   0.017     −2.91   0.026
  Duration of supplementation, d                            −0.02                             0.09    −0.02   0.40   −0.04   0.07    0.04    0.96      −0.01   0.28
  Maternal anemia (Hb \<11 g/dL)                            0.51                              0.74    −0.13   0.94   0.87    0.75    −3.67   0.22      1.47    0.27
  Interaction model                                                                                                                                            
   MMN:high baseline[^3^](#tb2fn3){ref-type="table-fn"}     −4.45                             0.13                                                             
   MMN:duration \<33 d[^4^](#tb2fn4){ref-type="table-fn"}   −6.16                             0.035                                                            

High baseline mtDNA-CN ≥ 14.1; low baseline mtDNA-CN \< 14.1. *P* values *\<* 0.05 are significant, and for interactions *P* values \< 0.15 are significant. Hb, hemoglobin; IFA, iron and folic acid; MMN, multiple micronutrient; mtDNA-CN, mitochondrial DNA copy number; β, β coefficient.

The model used for this regression was postsupplementation mtDNA-CN ∼ baseline mtDNA-CN + supplementation type + duration of supplementation + anemic mother.

The interaction model used for this regression was postsupplementation mtDNA-CN -- baseline mtDNA-CN + supplementation type + duration + anemic mother + supplementation type: high baseline.

The interaction model used for this regression was postsupplementation mtDNA-CN -- baseline mtDNA-CN + supplementation type + anemic mother + supplementation type: duration \<33 d.

We further assessed the impact of short or long duration based on the median days of supplementation, in this case 33 d. The result showed that baseline mtDNA-CN strongly predicted short-duration postsupplementation mtDNA-CN levels (β = 0.88, *P* \< 0.001). In addition, women given MMN had lower postsupplementation mtDNA-CN in both the short- and long-duration groups compared with IFA, and the effect was greater in the short-duration group (*P*-interaction = 0.03). Compared with the IFA treatment, MMN supplementation lowered the mtDNA-CN by 7.39 units in the shorter studies (\<33 d, *P* = 0.017) and by 2.91 units in the longer studies (*P* = 0.026) ([Table 2](#tbl2){ref-type="table"}).

The difference in baseline and postsupplementation mtDNA-CN of the MMN and IFA groups was visualized with a paired plot that illustrated the effect of MMN on stabilizing mtDNA-CN, particularly for women with baseline mtDNA-CN above the median. The paired plot also illustrated the MMN stabilizing effect on mtDNA-CN in women with short duration of supplementation, i.e., \<33 d. The plot revealed the greater dispersion of mtDNA-CN in the postsupplementation IFA group than in the MMN group, again indicating the stabilizing effect of MMN supplementation ([**Figure 3**](#fig3){ref-type="fig"}).

![Paired plot comparison of the MMN group with the IFA group for low baseline mtDNA-CN (A), high baseline mtDNA-CN (B), supplementation duration \<33 d (C), and supplementation duration ≥33 d (D) among 108 pregnant women enrolled in the Supplementation with Multiple Micronutrients Intervention Trial study. High baseline mtDNA-CN ≥ 14.1; low baseline mtDNA-CN \< 14.1. IFA, iron and folic acid; MMN, multiple micronutrient; mtDNA-CN, mitochondrial DNA copy number.](nxz064fig3){#fig3}

To further affirm the stabilizing effect of MMN on baseline to postsupplementation mtDNA-CN, we divided the samples into 3 groups: \>10% decrease, \>10% increase, and no change (i.e., \<10% decrease or increase), and compared the proportions in the MMN and IFA groups with Pearson\'s chi-square test. The results showed that the MMN group had significantly fewer numbers of \>10% increase and greater numbers of no change than the IFA group ([**Table 3**](#tbl3){ref-type="table"}).

###### 

The Δ mtDNA-CN proportions of 108 pregnant women enrolled in the Supplementation with Multiple Micronutrients Intervention Trial study by supplementation group

                                            Supplement   
  ----------------------------------------- ------------ -----------
  \>10% decrease                            14 (25.9)    13 (24.1)
  No change                                 12 (22.2)    3 (5.6)
  \>10% increase                            27 (51.9)    38 (70.4)
  *P* [^2^](#tb3fn2){ref-type="table-fn"}   0.021        

Values are *n* (%). IFA, iron and folic acid; MMN, multiple micronutrient; mtDNA-CN, mitochondrial DNA copy number.

Pearson\'s chi-square test was used to compare the Δ percentages of the MMN and IFA groups. *P \< *0.05 was considered statistically significant.

Discussion {#sec4}
==========

Our study showed that maternal MMN supplementation stabilized maternal peripheral blood mtDNA-CN as compared with IFA. We also observed that mtDNA-CN significantly increased from baseline onwards, indicating an increase with gestational age, regardless of the type of supplementation (MMN or IFA) given. Nevertheless, MMN was able to allow only a relatively small change in mtDNA-CN from early (baseline) to later pregnancy. Of note, this study is the first, to our knowledge, to compare the mtDNA-CN at baseline and at follow-up from the same pregnant woman, to be carried out in an LMIC where the majority of global pregnancies occur ([@bib28]), and to present evidence of a biomedical mechanism for the effect of MMN on pregnancy outcomes, although it was conducted in a modest sample size, which is a limitation of this study.

Previous studies have reported that oxidative stress increased with gestational age during normal pregnancy, especially in the third trimester, marked by the rise of plasma lipid hydroperoxides, urinary 8-hydroxydeoxyguanosine, and plasma 8-isoprostane ([@bib29]--[@bib31]), and that peripheral blood mtDNA-CN was higher when exposed to oxidative stress ([@bib32], [@bib33]). Oxidative stress in pregnant women can lead to reduced birth weight ([@bib34]), and although we did not measure oxidative stress directly, which is another limitation of the study, our previous study in this population, along with other studies, reported that elevated levels of mtDNA-CN were associated with LBW ([@bib17]--[@bib19]).

Our study provides evidence for how the mtDNA-CN may change during pregnancy and supports the idea that elevation of mtDNA-CN is a compensatory mechanism to meet energy requirements and overcome increased oxidative stress during pregnancy. Given that each person has different mitochondrial efficiency and heterogeneity when exposed to oxidative stress and its consequences, MMN may provide pleiotropic effects across populations and persons depending on their micronutrient status.

MMN supplementation can counteract elevated oxidative stress during pregnancy ([@bib35], [@bib36]). Previously, SUMMIT showed that MMN supplementation reduced fetal loss and early infant mortality ([@bib4]) and improved birth weight ([@bib37]) in particular in anemic women ([@bib4]). In this study we could not see a difference in supplement effect in anemic women, which might be due to the modest sample size. Nevertheless, as causes of anemia in LMICs include nutrition, infectious disease, and genetics, which influence several hemoglobin-independent pathways ([@bib38]), MMN components most probably have a positive effect on overall maternal health status, including reductions in maternal and fetal inflammation and improvements in oxidative metabolism and placental function ([@bib6]). We propose that MMN supplementation could mitigate the need to increase mtDNA-CN due to higher energy demand by supporting more efficient mitochondrial function, and thereby stabilizing the copy number. The MMN supplement contained vitamins and minerals such as zinc, copper, iodine, and selenium which could reduce oxidative stress and improve mitochondrial functions ([@bib4]). For example, vitamin C protects mtDNA from oxidative damage by reactive oxygen species (ROS) ([@bib39]), whereas riboflavin is needed to increase the activity of mitochondrial complex I and II ([@bib40]). A study in pregnant Nigerian women concluded that vitamin C treatment could reduce oxidative stress during pregnancy ([@bib41]). Moreover, a study in diabetic pregnant rats showed that a combination of vitamins C and E supplementation decreased oxidative stress and improved fetal outcomes ([@bib42]).

Zinc is the cofactor for antioxidant enzymes and induces synthesis of metallothionein, which is involved in the reduction of hydroxyl radicals ([@bib43], [@bib44]). Zinc can also reduce DNA strand breaks and modify circulating plasma protein concentrations involved in DNA repair, oxidative stress, and inflammation ([@bib45]). Copper is associated with the reduction of oxidative stress ([@bib46]). Cu,Zn-superoxide dismutase, an antioxidant enzyme that provides cells with a defense against oxygen toxicity, requires copper and zinc for its catalytic function ([@bib47]). Copper is also needed for mitochondrial OXPHOS, in particular for the activity of the mitochondrial cytochrome *c* oxidase enzyme ([@bib48]). Iodine is associated with oxidative stress ([@bib49]) and mild iodine deficiency was correlated with decreased total antioxidant status and superoxide dismutase activity in pregnant women in Mexico ([@bib50]). Selenium is the cofactor for the glutathione peroxidase antioxidant enzyme. Low selenium serum concentrations were associated with pre-eclampsia ([@bib51]), and selenium supplementation has been reported to significantly enhance mitochondrial respiration and increase mitochondrial content in trophoblasts ([@bib52]). Thus, efficient antioxidant enzymes will indirectly protect mtDNA damage from ROS. These data suggest that the presence of additional components in the MMN, as compared with IFA, may maintain mitochondrial efficiency and protect against oxidative damage, most likely by the preservation of mitochondria and mtDNA quality. This abates a potential harmful cycle by sustaining efficient mitochondrial function that, in turn, reduces the production of ROS as an OXPHOS by-product, while enabling better fetal growth and protection from IUGR.

We also observed that the response to MMN supplementation was rapid, appearing within \<33 d, whereas effects of IFA supplementation alone might require a longer period. This suggests that MMN is likely to be beneficial when started at any time during pregnancy. We note that other studies report duration-specific effects, as opposed to dose-specific effects, of nutrients. For example, the impact of preconceptional folate consumption in reducing preterm birth ([@bib53]) or the impact of folate in reducing the risk of stroke ([@bib54]). The timing of initiation of supplementation might also be important, but the limited sample size of our study precluded such analysis. It was reported in 2 meta-analyses that if MMN is given before the third trimester the birth weight will be improved ([@bib55]), and if given before 20 weeks of gestation the incidence of preterm birth will be decreased ([@bib6]). However, later supplementation would still give positive effects, as SUMMIT reported that initiation of supplementation during the third trimester could still improve birth weight and reduce infant mortality ([@bib4]). The effect of supplementation in the third trimester could be partly explained by the antioxidative mechanism of MMN in reducing the high oxidative stress that is commonly observed in the third trimester ([@bib29]--[@bib31], [@bib56]). In this study, we did not measure oxidative stress biomarkers; therefore, future study on mitochondrial function and MMN that also includes measurement of oxidative stress biomarkers is needed to elucidate the mechanisms of oxidative stress reduction and mitochondrial improvement due to micronutrient supplementation.

In conclusion, as pregnancy progresses, the energy demands and oxidative stress both increase. This leads to an increase in mtDNA-CN with gestational age, possibly as a compensatory mechanism. MMN supplementation may improve mitochondrial function, reduce oxidative stress, stabilize mtDNA-CN, and improve fetal growth, birth weight, and survival. Our results provide a valuable scientific basis in support of policy change toward MMN supplementation for pregnant women to fulfill their micronutrient needs in pregnancy, particularly in LMICs.
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Click here for additional data file.
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